This study was designed to analyze the chemical composition of Citrus obovoides (Geumgamja) and Citrus natsudaidai (Cheonyahagyul) oils and to test their biological activities. These citrus essential oils were obtained by steam distillation of fruits collected from Jeju Island, Korea, and were analyzed using gas chromatograph (GC)-flame ionization detectors (FID) and GC-MS. Limonene and -terpinene were the major components of the two citrus species. To evaluate in vitro anti-acne activity, they were tested against Propionibacterium acnes and Staphylococcus epidermidis, which are involved in acne. The Geumgamja and Cheonyahagyul oils exhibited antibacterial activity against both P. acnes and S. epidermidis. Their effects on DPPH radical scavenging, superoxide anion radical scavenging, and nitric oxide radical were also assessed. Cheonyahagyul and Geumgamja exhibited only superoxide anion radical-scavenging activity. To assess their potential usefulness in future cosmetic product applications, the cytotoxic effects of the two oils were determined by colorimetric MTT assays using two animal cell lines: normal human fibroblasts and HaCaT cells. They exhibited low cytotoxicity at 0.1 l/ml in both cell lines. In addition, they reduced P. acnes-induced secretion of interleukin-8 (IL-8) and tumor necrosis factor alpha (TNF-) in THP-1 cells, an indication of anti-inflammatory effects. Therefore, based on these results, we suggest that Geumgamja and Cheonyahagyul essential oils are attractive acne-mitigating candidates for topical application.
Fruit has long been an essential dietary component, due to its nutritional value and pleasant flavor. Citrus fruits in particular are widely accepted because of their nutritional value, attractive flavor, and other intrinsic attributes. They and their products provide a number of nutrients, such as ascorbic acid, vitamin B 6 , and flavonoids. These nutrients are widespread throughout the plant kingdom and comprise a large group of naturally occurring compounds found in vegetables and fruits, especially in the citrus genus. 1) A variety of aromatic plant materials are gathered and cultivated as sources of essential oils, and many of them are of considerable commercial importance. Among them, citrus fruits are one of the most valuable materials. For this reason, many studies have explored the chemical composition and antimicrobial activities of citrus species such as C. bergamia, C. reticulata, C. tamurana, and C. hallabong. [2] [3] [4] [5] [6] Jeju Island is located about 100 kilometers south of the Korean mainland; the mean annual temperature is about 15 C. Citrus cultivation in Korea is limited to Jeju Island and the southern coast of the country. Furthermore, citrus is the most cultivated fruit on Jeju Island. Citrus peel, called Jin-Pi, is used in traditional medicine for severe dermatitis, atopic dermatitis, and recovery from fatigue, and as a digestant. Citrus fruits are also useful in the cosmetic industry. Throughout the world, there are many citrus species, including hybrids, that are regarded as important products, but no studies have considered the volatile profiles or biomedical analysis (especially the anti-inflammatory properties) of citrus oils from Jeju Island, although they are popular fruits in Korea. The volatile compounds have numerous applications and are in high demand in the food, perfume, cosmetics, pharmaceutical, and wine industries. In our search for commercially useful essential oils, we elected to study citrus species. The aims of this study were to assess the chemical compositions and biological characteristics of essential oils isolated from the peels of Geumgamja and Cheonyahagyul collected from Jeju Island.
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Materials and Methods
Plant material. Immature citrus fruits harvested in October 2005 were obtained from the Korean National Institute of Subtropical Agriculture in Jeju.
Extraction and analysis of essential oils. Essential oils of the citrus peels were extracted by hydrodistillation, as described by Simard et al. 7) Briefly, approximately 400 g of fresh citrus peel was immersed in 3.5 liters of distilled water in a 5-liter three-neck flask. Steam distillation was carried out for 12 h at atmospheric pressure. Gas chromatographic analyses were performed on a HewlettPackard 5890 gas chromatograph equipped with a polar Supelcowax column (30 m Â 0:25 mm Â 0:25 mm), an apolar DB-1HT column (30 m Â 0:25 mm), and a splitsplitless injection port (split mode). The temperature was set at 40 C for 5 min, ramped to 210 C at 10 C/min, and held at 250 C for 28 min. The compounds were identified by their retention indices on both columns and by GC-MS using a Hewlett-Packard MSD 5972 mass spectrometer at 70 eV coupled to an HP 5890GC equipped with a DB-1HT column (30 m Â 0:32 mm Â 0:1 mm).
Bacterial strains. Two Gram-positive bacterial species, P. acnes ATCC6919 and S. epidermidis KCTC3958, which are involved in acne, were selected as test microorganisms for their pathological capacities. P. acnes ATCC6919 was cultured at 37 C for 24 h in GAM broth (Nissui, Kyoto, Japan) under anaerobic conditions before the assay. S. epidermidis KCTC3958 was cultured at 37 C for 24 h with Corynebacterium media before the assay.
Antibacterial activity test. The minimal inhibitory concentration (MIC) was estimated by the broth dilution method. Essential oil dilutions were prepared. The GAM broth and Corynebacterium broth used in sample dilution were also supplemented with 5% Tween-80 to enhance volatile oil solubility. The MIC was defined as the lowest volatile fraction concentration that prevents visible bacterial growth after 24 h of incubation at 37 C.
Superoxide anion radical scavenging activity. The superoxide anion radical scavenging potential (activity) of the citrus essential oils was analyzed using a xanthine/xanthine oxidase generating system coupled with NBT reduction, as follows: Briefly, the reaction mixture contained 130 ml buffer (100 mM phosphate buffer, pH 6.8), 3 ml of 30 mM Na 2 EDTA, 7 ml of 30 mM xanthine, 20 ml of 5 mM NBT, and various concentrations of citrus essential oils. The mixtures were incubated for 20 min at 25 C. The absorbance of the blue product was then measured at 560 nm. Relative activity was calculated from the ratio of values from a sample treated with essential oils versus the blank at the same concentration and duration. The effective activity of each sample was expressed in terms of IC 50 . Superoxide anion scavenging activity was calculated according to the following equation:
superoxide scavenging rate (%)
where A0 is the absorbance of the control (blank, without oils), and A1 the absorbance in the presence of the oils.
Cell cultures and cytotoxicity assay. Human dermal fibroblast cells were cultured in DMEM (hyclone) containing 10% fetal bovine serum and penicillinstreptomycin at 37 C in a humidified 95% air:5% CO 2 atmosphere. The cells were seeded on 24-well plates, and citrus essential oil treatment was initiated 24 h after seeding. The general viability of the cultured cells was determined by the reduction of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to formazan. MTT assay was performed after incubation of normal fibroblast cells with various concentrations of citrus essential oils for 24 h at 37 C in a 5% CO 2 atmosphere. MTT was added to each well in a 1/10 volume of media. Cells were incubated at 37 C for 3 h, and dimethylsulfoxide (DMSO) was added to dissolve the formazan crystals. The absorbance was then measured at 570 nm using a spectrophotometer (Power Wave, Bio-tek, Winooski, VT). The entire experiment was performed in triplicate, and results were confirmed by three independent experiments.
Measurement of cytokine production. Human monocytic THP-1 cells (1 Â 10 5 ) in serum-free medium were stimulated with 100 mg/ml of P. acnes alone or in combination with the indicated concentrations of Geumgamja and Cheonyahagyul, and incubated for 48 h. The culture supernatants were then harvested to determine IL-8 and TNF-concentrations. The IL-8 and TNFconcentrations in the culture supernatant were measured by enzyme-linked immunosorbent assay (ELISA) kits (BioSource, Camarillo, CA).
Results and Discussion
The essential oils from Geumgamja and Cheonyahagyul were analyzed to determine their chemical components. They were also tested for antibacterial activity against P. acnes and S. epidermidis, which are involved in acne. In addition, the essential oils were used in antioxidant, anti-inflammation, and cytotoxicity assays. Peels from both citrus species were subjected to steam distillation. The volatile fraction yield differed according to the test samples; the yield ranged from 0.89% for Geumgamja to 0.6% for Cheonyahagyul (Table 1) . Table 2 shows the plant volatile fraction composition in terms of components and classes of compounds. Twenty-eight compounds were identified in the citrus peels, representing more than 92% of the volatile compounds. From Table 2 , two compounds were identified that represent more than 88% of the essential oil. Limonene (83.4 and 81.6%), and -terpinene (6.6%), were the major components in the two citrus species. Other chemical components included -pinene (1.5 and 1.12%), linalool (0.68 and 0.32%), -pinene (0.67 and 0.73%) and -terpinolene (0.3 and 0.41%). The chemical composition of the essential oil of Japanese C. natsudaidai (Natsudaidai) was also elucidated recently. These oils share similar chemical compositions with each other and with other known citrus essential oils. 8) Comparing Natsudaidai and Cheonyahagyul, limonene (80.68% and 81.63% respectively) was the most abundant compound, followed by -terpinene (5.3% and 6.64%), -myrcene (2.25% and 2.96%), and -pinene (1.3% and 1.12%).
The antimicrobial activities of essential oils isolated from many plants have been recognized for centuries, albeit empirically; only recently have such properties been confirmed experimentally. 9) Botanical source, provenance of the plant, harvest time or development stage, extraction technique, use of fresh or dried plant material, test micro-organism(s), and antimicrobial methodology are all factors that influence antimicrobial activity 10, 11) and must therefore be taken into account whenever antimicrobial assays are performed with these oils. In this study, the in vitro antibacterial activity of citrus volatile oils against P. acnes and S. epidermidis was assessed by the presence or absence of inhibition zones and MIC values. The MIC was recorded as the lowest concentration (highest dilution) of essential oils that inhibited visible growth (no turbidity). The MIC of Geumgamja and Cheonyahagyul was determined by a two-fold serial dilution method. As seen in Table 3 , the essential oils exhibited notable antibacterial activity against P. acnes and S. epidermidis. Geumgamja essential oil produced the lowest MIC values against P. acnes and S. epidermidis (0.31 and 2.5 ml/ml respectively). The essential oil of Cheonyahagyul also produced remarkably low MIC values against P. acnes and S. epidermidis (0.31 and 10 ml/ml respectively). On the other hand, none of the samples showed activity as strong as the positive control triclosan. Two citrus essential oils showed lower MIC than rosemary essential oil against P. acnes.
12) They also showed lower MIC than Centaurea aladagensis or Anthemis aciphylla essential oils against S. epidermidis.
13,14)
The primary free radical in most biological systems is O 2 À . Although O 2 À itself is less reactive than other radicals, biological systems convert it into more reactive species, e.g., OH radicals. 15) Hence we designed experiments by NBT reduction assay to determine whether 0.625 ml/ml 0.625 ml/ml -Pinene (C 10 H 16 ) -
The main components of the essential oil were individually tested against P. acnes and S. epidermidis. Antibacterial activity was brought about by disc diffusion test using 100 ml of suspension containing 10 8 CFU/ml of bacteria spread on each medium. Sterile 6-mm diameter filter paper discs were impregnated with 10 ml of the tested components. -Terpineol and linalool were active against P. acnes and S. epidermidis. The others were active only against and S. epidermidis. MICs were determined by a macrodilution method, and are expressed in ml/ml (v/v). P. acnes ATCC6919 0.31 (ml/ml) 0.31 (ml/ml) 15.6 (mg/ml) S. epidermidis KCTC3958 2.5 (ml/ml) 10.0 (ml/ml) 7.8 (mg/ml)
The antibacterial activities of Geumgamja and Cheonyahagyul oils were further evaluated by determining the minimum inhibitory concentrations (MICs), the lowest concentrations yielding no growth. The MICs of Geumgamja and Cheonyahagyul were determined by a two-fold serial dilution method. While Geumgamja and Cheonyahagyul inhibited the growth of P. acnes at 0.31 ml/ml, Geumgamja and Cheonyahagyul inhibited the growth of S. epidermidis cells at 2.5 ml/ml and 10.0 ml/ml respectively. On the other hand, triclosan (positive control) inhibited the growth of P. acnes and S. epidermidis cells at 15.6 mg/ml and 7.8 mg/ml respectively. Fig. 1 . Cheonyahagyul (C) and Geumgamja (G) Inhibit P. acnes-Induced Secretion of Proinflammatory Cytokine, TNF-(A). Dose-dependent effects of Cheonyahagyul (C) and Geumgamja (G) treatment on P. acnes-induced TNF-(A) release. In contrast, Geumgamja essential oil inhibited only IL-8 release in a dose-dependent manner (B). THP-1 cells were stimulated with and without P. acnes, and the supernatants were harvested after 48 h. Culture supernatants were added to 96-well plates, and then diluted biotinylated anti-IL-8 or TNF-was added to the sample wells. After incubation for 3-h at room temperature, the sample wells, were washed. Streptavidin-HRP was distributed to the sample wells and the plate was then incubated for 30 min at room temperature. After incubation, all the wells were washed, and 3,3 0 ,5,5 0 ,-tetramethylbenzidine (TMBZ) substrate solution was added. After incubation in the dark, absorbance was read at 450 nm for 12-14 min. Data are expressed as mean AE S.E.M.
A B
Ã P < 0:05 vs. P. acnes alone. Cheonyahagyul (C) and Geumgamja (G) exhibited relatively low cytotoxicity, with cell viability above 85% at 0.1 ml/ml. MTT assay was performed after incubation of THP-1 (A), human dermal fibroblast (B), and HaCaT cells (C) treated with various concentrations of Cheonyahagyul or Geumgamja essential oils for 24 h at 37 C in a 5% CO 2 atmosphere, MTT (1 mg/ml) was added to each well in 1/10 volume of media. The cells were incubated at 37 C for 3-h, and dimethylsulfoxide (DMSO) was added to dissolve for formazan crystals. Absorbance was then measured at 570 nm with a spectrophotometer (Power Wave, Bio-tek, Winooski, VT). citrus essential oils scavenge O 2 À . Both essential oils inhibited the rate of NBT reduction in a concentrationdependent manner; the IC 50 values were 10.89 and 16.06 ml/ml for Geumgamja and Cheonyahagyul respectively. As far as our literature survey could ascertain, there is no study on the superoxide anion radical scavenging activity of citrus species in the literature. However, the chemical compositions and antimicrobial activities of Korean endemic citrus had been reported elsewhere. 16) On the other hand, Geumgamja and Cheonyahagyul essential oils exhibited no DPPH and NO radical inhibition activities (data not shown).
As explained above, essential oils from citrus plants exhibited antibacterial and antioxidant activities. These activities can be attributed to the presence of -pinene, -pinene, limonene, -terpinene, linalool, and -terpineol. Considering the different groups of chemical compounds present in citrus oils, it is most likely that the biological activity is attributable to a synergism between components. Nevertheless, the best antimicrobial activity of essential oil might be due to the presence of -terpineol and linalool (Table 4 ). -Terpineol has been reported to have significant activity against P. acnes and S. epidermidis. 17) Raman et al. reported that -pinene has remarkable antimicrobial activity towards different P. acnes and S. epidermidis, 18) but no activity on P. acnes of -pinene was discovered here (Table 4) . This study supports the use of citrus oil in the treatment of acne, and demonstrates that limonene is not the sole active constituent of the oil.
The main components of the pilosebaceous unit on the skin, such as keratinocytes and sebocytes, can be activated by P. acnes, leading to the production of proinflammatory cytokines. It has been reported that a secreted peptidoglycan of P. acnes stimulates the production of proinflammatory cytokines, such as IL-1, IL-8, and TNF-, by human monocytic cell lines and freshly isolated peripheral blood mononuclear cells from acne patients. [19] [20] [21] [22] In a recently published study, heatkilled P. acnes stimulated THP-1 cells to produce IL-8 and TNF-. 23) Hence, to determine the anti-inflammatory effects of Geumgamja and Cheonyahagyul, we measured IL-8 and TNF-concentrations in THP-1 cells by ELISA. As shown in Fig. 1A and B, P. acnesinduced production of TNF-in THP-1 cells was reduced by Geumgamja and Cheonyahagyul essential oils. Geumgamja inhibited production of TNF-slightly more strongly than Cheonyahagyul at all test concentrations. In contrast, Geumgamja essential oil inhibited only IL-8 release in a concentration-dependent manner.
There is a possibility, however, that the reduction of proinflammatory cytokines was induced by cytotoxic effect, of Geumgamja and/or Cheonyahagyul essential oils. To confirm this, we performed MTT assay on THP-1 cells. According to this result, Geumgamja and Cheonyahagyul essential oils showed low cytotoxic effects at 0.1 ml/ml for Geumgamja and Cheonyahagyul (Fig. 2) .
Despite their promising antibacterial and anti-inflammatory effects against acne-inducing bacteria, the essential oils might have cytotoxic effects on human skin cells when applied as therapeutic agents for acne. If so, they are not suitable therapeutic agents. To determine the cytotoxic effects of these two essential oils, MTT assays were performed in normal human fibroblasts and HaCaT cells. All the essential oils displayed relatively low cytotoxicity, with cell viabilities above 85% at an extract concentration of 0.1 ml/ml (Fig. 2) .
In conclusion, this study indicates that essential oils from Geumgamja and Cheonyahagyul have potential as anti-acne and antioxidant agents and might be useful in the pharmaceutical and cosmetic industries. However, although we identified antimicrobial and anti-inflammatory effects of Geumgamja and Cheonyahagyul essential oils against acne-inducing bacteria, we did not determine their mechanisms of action. In particular, their possible inhibition of pro-inflammatory cytokines remains to be evaluated in further studies. NF-B (nuclear factor-B) has been reported to be involved in the maximal transcription of many cytokines, including TNF-, IL-1, IL-6, and IL-8, which are thought to be important in the generation of acute inflammatory responses. Therefore, Geumgamja and Cheonyahagyul essential oils might inhibit NF-B activation induced by P. acnes.
